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FASTER PROGRAMMING OF HIGHER LEVEL 
STATES IN MULTI-LEVEL CELL FLASH 

MEMORY 

PRIORITY INFORMATION 

[0001] This application is a continuation-in-part applica 
tion of US. patent application Ser. No. 10/ 990,702 [attorney 
docket no. SAND-01037USO], entitled, “HIGH SPEED 
PROGRAMMING SYSTEM WITH REDUCED OVER 
PROGRAMMING,” ?led Nov. 16, 2004, incorporated by 
reference herein in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] 
[0003] The present invention relates to programming non 
volatile memory. 

[0004] 2. Description of the Related Art 

1. Field of the Invention 

[0005] Semiconductor memory devices have become 
more popular for use in various electronic devices. For 
example, non-volatile semiconductor memory is used in 
cellular telephones, digital cameras, personal digital assis 
tants, mobile computing devices, non-mobile computing 
devices and other devices. Electrical Erasable Program 
mable Read Only Memory (EEPROM) and ?ash memory 
are among the most popular non-volatile semiconductor 
memories. 

[0006] Both EEPROM and ?ash memory utiliZe a ?oating 
gate that is positioned above and insulated from a channel 
region in a semiconductor substrate. The ?oating gate is 
positioned betWeen source and drain regions. A control gate 
is provided over and insulated from the ?oating gate. The 
threshold voltage of the transistor is controlled by the 
amount of charge that is retained on the ?oating gate. That 
is, the minimum amount of voltage that must be applied to 
the control gate before the transistor is turned on to permit 
conduction betWeen its source and drain is controlled by the 
level of charge on the ?oating gate. 

[0007] When programming an EEPROM or ?ash memory 
device, typically a program voltage is applied to the control 
gate and the bit line is grounded. Electrons from the channel 
are injected into the ?oating gate. When electrons accumu 
late in the ?oating gate, the ?oating gate becomes negatively 
charged and the threshold voltage of the memory cell is 
raised so that the memory cell is in the programmed state. 
More information about programming can be found in US. 
patent application Ser. No. 10/379,608, titled “Self Boosting 
Technique,” ?led on Mar. 5, 2003; and in US. patent 
application Ser. No. 10/629,068, titled “Detecting Over 
Programmed Memory,” ?led on Jul. 29, 2003, both appli 
cations are incorporated herein by reference in their entirety. 

[0008] Some EEPROM and ?ash memory devices have a 
?oating gate that is used to store tWo ranges of charges and, 
therefore, the memory cell can be programmed/erased 
betWeen tWo states (an erased state and a programmed state). 
For example, FIG. 1 shoWs a graph depicting tWo threshold 
voltage distributions. The x axis plots threshold voltage and 
the y axis plots the number of memory cells. Threshold 
voltage distribution 2 is less than Zero volts. In one embodi 
ment, threshold voltage distribution 2 corresponds to erased 
memory cells that store data “1.” Threshold voltage distri 
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bution 4 is greater than Zero volts. In one embodiment, 
threshold voltage distribution 4 corresponds to programmed 
memory cells that store data “0.” 

[0009] A multi-state ?ash memory cell is implemented by 
identifying multiple, distinct alloWed threshold voltage 
ranges separated by forbidden voltage ranges. Each distinct 
threshold voltage range corresponds to a predetermined 
value for the set of data bits. FIG. 2 illustrates threshold 
voltage distributions for memory cells storing tWo bits of 
data (e.g., four data states). In one embodiment, threshold 
voltage distribution 2 represents memory cells that are in the 
erased state (e.g., storing “11”), having negative threshold 
voltage levels. Threshold voltage distribution 10 represents 
memory cells that store data “10,” having positive threshold 
voltage levels. Threshold voltage distribution 12 represents 
memory cells storing data “00.” Threshold voltage distribu 
tion 14 represents memory cells that are storing “01.” In 
some implementations (as exempli?ed above), these data 
values (eg logical states) are assigned to the threshold 
ranges using a gray code assignment so that if the threshold 
voltage of a ?oating gate erroneously shifts to its neighbor 
ing physical state, only one logical bit Will be affected. In 
other embodiments, each of the distributions can correspond 
to different data states than described above. The speci?c 
relationship betWeen the data programmed into the memory 
cell and the threshold voltage ranges of the cell depends 
upon the data encoding scheme adopted for the memory 
cells. For example, US. Pat. No. 6,222,762 and US. patent 
application Ser. No. 10/461,244, “Tracking Cells For A 
Memory System,” ?led on Jun. 13, 2003, both of Which are 
incorporated herein by reference in their entirety, describe 
various data encoding schemes for multi-state ?ash memory 
cells. Additionally, embodiments in accordance With the 
present invention are applicable to memory cells that store 
more than tWo bits of data. 

[0010] Threshold voltage distributions 2 and 4 shoW the 
erased and programmed voltage-distributions When no 
verify operations are used. These distributions can be 
obtained by programming or erasing the memory cells With 
one single programming or erase pulse. Depending on the 
memory array siZe and the variations in the production 
process, the threshold voltage distribution 4 has a certain 
Width, knoWn as the natural Vth Width. 

[0011] As can be seen from FIG. 2, distributions 10, 12, 
and 14 (corresponding to programming a multi-state device) 
need to be much narroWer than the natural VLh Width of 
distribution 4. To achieve such narroWer threshold voltage 
distributions, a process that uses multiple programming 
pulses and verify operations, such as that described by 
FIGS. 3A, 3B, and 3C, can be used. 

[0012] FIG. 3A depicts a programming voltage signal 
V that is applied to the control gate as a series of pulses. 
Tffé" magnitude of the pulse is increased With each succes 
sive pulse by a pre-determined step siZe (e.g., 0.2 v-0.4 v), 
depicted in FIG. 3A as AVpgm. In the periods betWeen the 
pulses, verify operations are carried out. As the number of 
programmable states increase, the number of verify opera 
tions increases and more time is needed. One means for 
reducing the time-burden is a more e?icient veri?cation 
process, such as the process that is disclosed in US. patent 
application Ser. No. 10/314,055 entitled, “Smart Verify For 
Multi-State Memories,” ?led Dec. 5, 2002, incorporated 
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herein by reference in its entirety. In reality, the pulses of 
FIG. 3A are separated from each other by a time period for 
veri?cation. However, to make FIG. 3 more readable, the 
time period for veri?cation is omitted from the drawing. 

[0013] FIG. 3B depicts the voltage signal applied to a bit 
line for the associated memory cell being programmed. FIG. 
3C depicts the threshold voltage of the memory cell being 
programmed. Note that the graph in FIG. 3C is smoothed 
out to make it easier to read. After each programming pulse, 
a verify operation is carried out (not shoWn.) During the 
verify operation, the threshold voltage of the memory cell to 
be programmed is checked. If the threshold voltage of the 
memory cell is larger than the target value (e.g., Vverify), 
then programming for that memory cell is inhibited in the 
next cycle by raising the bit line voltage from 0 V to Vinhibit 
(e.g., at time t4). 

[0014] As With other electronic devices, there is a con 
sumer demand for memory devices to program as fast as 
possible. For example, the user of a digital camera that stores 
images on a ?ash memory card does not Want to Wait 
betWeen pictures for an unnecessary long period of time. In 
addition to programming With reasonable speed, to achieve 
proper data storage for a multi-state memory cell, the 
multiple ranges of threshold voltages of the multi-state 
memory cells should be separated from each other by 
su?icient margin so that the level of the memory cell can be 
programmed and read in an unambiguous manner. A tight 
threshold voltage distribution is recommended. To achieve a 
tight threshold voltage distribution, small program steps 
have typically been used, thereby programming the thresh 
old voltage of the cells more sloWly. The tighter the desired 
threshold voltage distribution the smaller the steps and the 
sloWer the programming process. 

[0015] One solution for achieving tight threshold voltage 
distributions, Without unreasonably sloWing doWn the pro 
gramming process, includes using a tWo-phase program 
ming process. The ?rst phase, a coarse programming phase, 
includes an attempt to raise a threshold voltage in a faster 
manner While paying less attention to achieving a tight 
threshold voltage distribution. The second phase, a ?ne 
programming phase, attempts to raise the threshold voltage 
in a sloWer manner in order to reach the target threshold 
voltage, thus achieving a tighter threshold voltage distribu 
tion. One example of a coarse/?ne programming methodol 
ogy can be found in US. Pat. No. 6,643,188, incorporated 
herein by reference in its entirety. 

[0016] FIGS. 4 and 5 provide more detail of one example 
of a coarse/?ne programming methodology. FIGS. 4A and 
5A depict the programming pulses VPgm applied to the 
control gate. FIGS. 4B and 5B depict the bit line voltages 
for the memory cells being programmed. FIGS. 4C and 5C 
depict the threshold voltage of the memory cells being 
programmed. This example of FIGS. 4 and 5 depicts 
programming of memory cells to state A using tWo verify 
levels, indicated in the Figures as Vv A1 and VVA. The ?nal 
target level is VVA. When a threshold voltage of the memory 
cell has reached VVA, the memory cell Will be inhibited from 
further programming by applying an inhibit voltage to the 
bit line corresponding to that memory cell. For example, the 
bit line voltage can be raised to Vinhibit (See FIG. 4B and 
FIG. 5B). HoWever, When a memory cell has reached a 
threshold voltage close to (but loWer than) the target value 
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VVA, the threshold voltage shift of the memory cell during 
subsequent programming pulses is sloWed doWn by apply 
ing a certain bias voltage to the bit line, typically on the 
order of 0.3 v to 0.8 v. Because the rate of threshold voltage 
shift is reduced during the next feW programming pulses, the 
?nal threshold voltage distribution can be narroWer than 
With the methods depicted in FIG. 3. To implement this 
method, a second verify level that is loWer than that of VVA 
is used. This second verify level is depicted in FIGS. 4 and 
5 as VVAl. When the threshold voltage of the memory cell 
is larger than VVAI, but still loWer than VVA, the threshold 
voltage shift to the memory cell Will be reduced for subse 
quent programming pulses by applying a bit line bias VS 
(FIG. 5B). Note that in this case, tWo verify operations are 
required for each state. One verify operation at the corre 
sponding ?nal verify level (e. g., Vv A) for each state to Which 
the coarse/?ne programming methodology is applied, and 
one verify operation at the corresponding second verify level 
(e.g., VVAI) for each state. This may increase the total time 
needed to program the memory cells. HoWever, a larger 
AVpgm step siZe can be used to speed up the process. 

[0017] FIGS. 4A, 4B, and 4C shoW the behavior of a 
memory cell Whose threshold voltage moves past Vv A1 and 
VVA in one programming pulse. For example, the threshold 
voltage is depicted in FIG. 4C to pass VVAl and VVA in 
betWeen t2 and t3. Thus, prior to t3, the memory cell is in the 
coarse phase. After t3, the memory cell is in the inhibit 
mode. 

[0018] FIGS. 5A, 5B, and 5C depict a memory cell that 
enters both the coarse and ?ne programming phases. The 
threshold voltage of the memory cell crosses Vv A1 in 
betWeen time t2 and time t3. Prior to t3, the memory cell is 
in the coarse phase. After t3, the bit line voltage is raised to 
Vs to place the memory cell in the ?ne phase. In betWeen t3 
and t4, the threshold voltage of the memory cell crosses VVA. 
Therefore, the memory cell is inhibited from further pro 
gramming by raising the bit line voltage to Vinhibit. 

[0019] Typically, in order to maintain reasonable program 
ming times, coarse/?ne programming algorithms are not 
applied to the highest memory state (the state corresponding 
to the largest positive threshold voltage range). The highest 
state, such as state C represented by distribution 14 in FIG. 
2, does not need to be differentiated from a higher state. 
Typically, it is only necessary to program cells for this state 
above a minimum threshold level to differentiate from the 
next loWest state (e.g., state B represented by distribution 
12). Thus, the distribution of these cells can occupy a Wider 
threshold voltage range Without adverse effects on device 
performance. Coarse/ ?ne programming methodologies 
require more verify steps as described above. Moreover, the 
use of coarse/?ne programming methodologies may 
increase the total number of required programming pulses. 
Since the highest threshold voltage state does not require as 
tight a threshold voltage distribution in most cases, coarse/ 
?ne programming is typically not used so as to decrease 
overall programming times. 

[0020] In addition to increased programming times, the 
use of coarse/?ne programming methodology for the highest 
threshold voltage state can increase the occurrence of pro 
gram disturb Within ?ash memory devices implemented With 
the NAND architecture (described more fully hereinafter). 
To apply a program voltage to the control gate of a selected 


































